Background. Although essential for patient counseling and quality of life of human immunodeficiency virus (HIV)-infected individuals, the risk of HIV transmission during 1 unprotected sex act with an HIV-infected person under combination antiretroviral therapy (cART) remains unknown.
Methods. We reviewed systematically the literature for studies on HIV transmission among heterosexual HIV-serodiscordant couples, where the infected partner was on cART, with regular virological monitoring, reporting on condom use and sexual activity. We used Bayesian statistics to combine data from selected studies, to investigate the per-act risk of HIV transmission through unprotected sex with an HIV-infected person on cART for >6 months.
Results. At most, 1 HIV transmission, over an estimated 113 480 sex acts, of which 17% were not condom protected, was reported within 1672 HIV-serodiscordant couples where the index partner had been treated for >6 months. Data were insufficient to determine whether the reported transmission occurred before or after 6 months of cART. We estimated the upper-bound per-act risk of HIV transmission at either 8.7 or 13:100 000, depending on whether the transmission occurred before or after 6 months of cART. These estimates applied whether or not index partners were virally suppressed. Estimating an upper-bound risk <1:100 000 would require observing no HIV transmission while collecting >12 times the available amount of data.
Conclusions. Available data do not support zero risk of HIV transmission under cART. The per-act risk of HIV transmission through unprotected sex with HIV-infected individuals on cART in comprehensive care for >6 months (whether or not virally suppressed) is <13:100 000. Estimating a 10-fold lower upper-bound risk may be unfeasible due to high condom use among HIV-serodiscordant couples in most research studies.
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Human immunodeficiency virus (HIV) transmission under combined antiretroviral therapy (cART) is a fundamental issue for the quality of life of HIVinfected individuals. Evidence supporting a low risk of transmission under cART could reduce stigma, discrimination, fear of transmission, and reluctance to disclose HIV status. Furthermore, risk estimates are indispensable for HIV prevention counseling and family planning in serodiscordant couples. Regarding public health, evidence supporting low risk of transmission is the basis of the treatment as prevention strategy, involving widespread HIV testing and early cART [1] .
Studies showed that HIV transmission in HIVserodiscordant couples decreased by 26%-96% when the HIV-infected partner was on cART [2] [3] [4] [5] ; higher reductions were observed in studies where viral load was regularly monitored [2] [3] [4] . Meta-analyses combined data from these studies to estimate HIV incidence under cART [6] [7] [8] [9] -that is, the number of new cases per susceptible individual per unit time. HIV incidence is an aggregate epidemiological measure, which depends on the probability of transmission per unprotected sex act, sexual activity, and prevention measures (eg, condom use). The last 2 factors have strong behavioral components and are highly variable among individuals, but could not be factored out in the meta-analyses. Therefore, HIV incidence estimates resulting from these meta-analyses may not be appropriate for personalized HIV prevention counseling and evaluating the potential impact of the treatment as prevention strategy. A more appropriate measure of HIV transmission is the probability of transmission per unprotected sex act, because it may be combined with any pattern of sexual activity and prevention to calculate an individual's rate of HIV transmission.
In 2008, the Swiss Commission on AIDS asserted that HIVinfected persons on effective cART-defined as an HIV RNA level ≤40 copies/mL-for at least 6 months and without other sexually transmitted infections (STIs) cannot transmit HIV through unprotected sex; specifically, they reported that, in this case, the risk to transmit HIV per unprotected sex act is much lower than 1:100 000 [10] . This statement is an expert opinion based on reviewing 3 studies [11] [12] [13] of heterosexual HIV-serodiscordant couples. Later, it has been suggested that these studies do not provide evidence to defend the Swiss statement [6] .
Here, we reviewed systematically the literature on HIV transmission under cART among serodiscordant couples. We combined data from the retrieved studies to estimate the per-act risk of heterosexual HIV transmission through unprotected sex with an infected partner on cART in clinical care for >6 months. We restricted our search to studies including virological monitoring in the care protocol, because regular viral load testing, as a means to monitor HIV treatment uptake, is a key component of successful treatment programs aiming to reduce HIV transmission [2] [3] [4] . We chose a 6-month duration because, in comprehensive care, most patients achieve viral suppression after 6 months of cART. We did not address directly the risk of HIV transmission of virally suppressed individuals. Instead, we focused on a more tangible clinical concept: the risk of HIV transmission of individuals on cART for >6 months in comprehensive care, including regular virological monitoring.
METHODS
We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [14, 15] to conduct our systematic review. Supplementary Table 1 provides the PRISMA checklist.
Study Search Strategy
No protocol for this review has been published. A comprehensive and systematic literature search was conducted in electronic databases and archives of abstracts from conferences (see Supplementary Section 1). The search was updated on 2 August 2013.
Study Selection
Duplicate citations were removed. Then, one author (V. S.) excluded the references that were clearly irrelevant. Two authors (V. S. and R. B.) independently assessed the reduced reference list for potential inclusion in the review. Disagreements were resolved by consensus-based discussion. Full-text reports of selected studies were assessed independently for inclusion. To be included, a study had to (1) examine HIV transmission among heterosexual couples where the HIV-infected partner was on cART, and provide information on (2) incident HIV infections among seronegative partners, (3) viral load of the treated index partner, (4) condom use, and (5) sexual activity. Among studies following the same population, only the most complete were considered. We contacted study authors for additional information when necessary, and relied solely on the published data when the authors did not reply.
Data Collection
A data collection form was developed to retrieve information from the included studies. Two authors (V. S. and R. B.) independently extracted data; discrepancies were resolved by consensus. Data included study characteristics (number of couples with follow-up, total follow-up duration, location and time period of the study), care protocols (duration between follow-up visits, frequency of viral load and CD4 determinations, detection limit of viral load assay, type of cART, cART adherence, management of virologic failure, fraction of virally suppressed participants, treatment of other STIs, HIV testing frequency, couples' counseling), couples' characteristics (frequency of sex acts, condom use, cART status of the index partner, male circumcision status, type of sex act) and clinical outcomes (number of HIV transmissions on and off cART, time from cART initiation to HIV transmission, whether HIV transmission was genetically linked to the index partner).
Risk of Bias Assessment
Two authors (V. S. and R. B.) independently assessed the risk of bias in the included studies (Supplementary Section 2). Publication bias was not formally assessed due to the low number of studies.
Data Analysis and Statistical Methods
Bayesian statistics [16, 17] was used to infer the risk of HIV transmission per unprotected sex act with an infected person on cART in clinical care for >6 months. We assumed a low-informative prior distribution for the risk of transmission under cART, uniform between 0 and the value of the risk of HIV transmission off ART, reflecting lack of knowledge and ensuring that the results are data driven. This prior distribution was updated with observed data on serodiscordant couples where the index partner was on cART, via a likelihood model, to obtain the posterior distribution, used for summary statistics (Supplementary Section 3).
The likelihood model required values for the following parameters regarding serodiscordant couples where the index partner had been on cART for >6 months: (1) number of couples with follow-up data, (2) number of linked HIV transmissions, (3) number of sex acts that occurred during follow-up, (4) fraction of couples reporting 100% condom use and (5) per-act efficacy of condom. The prior distribution required estimating the per-act risk of HIV transmission off ART. Values for parameters 1-4 were either collected or estimated from sexual activity data provided by the included studies (Supplementary Section 4). The condom efficacy and risk of HIV transmission off ART were estimated through an auxiliary Bayesian analysis using data on serodiscordant couples where the index partner was off ART, collected from the same included studies (Supplementary Section 4.1).
Using the per-act risk of transmission, we calculated the cumulative risk of acquiring HIV after numerous sex acts with partners who had been on cART for >6 months (Supplementary Section 5). We also compared cART vs condom for HIV prevention by calculating the probability that the risk of HIV transmission under cART is lower than that off ART when condoms are used (Supplementary Section 6). We performed sensitivity analyses to investigate the potential impact of overreporting condom use on our results.
RESULTS
The search produced 5978 titles, of which 2411 were removed as duplicates ( Figure 1 ). After screening the titles, 383 publications qualified for further review. Of these, 50 were eligible for fulltext review based on screening the abstract. Six studies met all the criteria to be included in our analysis [2-4, 12, 18, 19] . All included studies had low risk of bias (Supplementary Tables 2  and 3 ). We received unpublished data from the authors of 3 included studies [2, 4, 12] . Articles excluded after full-text review are listed, by reason for exclusion, in Supplementary Section 7.
Extracted data are presented in Tables 1 and 2 and Supplementary Table 4 . Table 1 presents a summary of the care protocols followed in the included studies. The serodiscordant couples attended regular checkups (every 3-6 months) when the viral loads and CD4 counts of the index partners were determined. If needed, couples were treated for STIs (in 5 of 6 studies). The index partners were provided with adherence support (in 3 of 6 studies) and management of virologic failure (in 4 of 6 studies). The fraction of virally suppressed patients varied from 70% to 100%. Table 2 and Supplementary Table 4 list couples' characteristics and clinical outcomes when index partners were on and off cART, respectively.
HIV Transmissions and Sexual Activity on cART
Four incident HIV transmissions, genetically linked to the index partner, occurred within 1672 serodiscordant couples (during 2772.8 person-years) where the index partner was on cART (Table 2 ). At least 3 transmissions occurred when the index partner had been on cART for <6 months. The fourth transmission, reported by Apondi et al [18] , occurred within the first year of cART; the index partner took 6 months to achieve viral suppression. Data were, however, insufficient to determine whether this infection occurred before or after 6 months of cART because the partner, who was HIV negative at baseline, was retested only at 12 months. Baseline median number of sexual acts per couple was 3-12 per month; 2 studies reported on the average or total number of sex acts that occurred during the study. Condom use was high in most studies. These data provided parameter estimates needed for the likelihood model of the Bayesian analysis (Supplementary Section 8 and Supplementary Table 5 ). The rest of the parameter estimates were obtained from data on couples where the infected partner was off ART.
Condom Efficacy and Per-Act Risk of HIV Transmission off ART
In total, 182 HIV incident transmissions occurred within 4817 serodiscordant couples where the index partner was off ART during 7384.1 person-years of follow-up (Supplementary Table 4 ). With the exception of 1 study [19] , sexual activity and condom use were similar to those of couples where the index partner was on cART. Using these data, we estimated the parameters required for the auxiliary Bayesian analysis Table 5. b Botswana, Kenya, Rwanda, South Africa, Tanzania, Uganda, Zambia.
c The top and bottom rows report on the early and delayed therapy arms of the trial, respectively.
d Follow-up time after 6 months of cART can be found in Supplementary Table 5 .
(Supplementary Table 6 ) and obtained 75% (95% credible interval, 63%-83%) for the per-act condom efficacy, and 0.0014 (0.0010-0.0018) for the per-act risk of transmission off ART during condom-unprotected sex (Supplementary Section 8.1).
Per-Act Risk of HIV Transmission Beyond 6 Months of cART
We estimated that a total of 113 480 sex acts, of which 17% were not condom protected, occurred in couples when the index partner had been on cART for >6 months. Because at most 1 HIV transmission occurred during these sex acts, we focused on estimating the upper bound of the per-act risk. We considered 2 exclusive cases regarding the transmission event reported by Apondi et al [18] . In case 1, the transmission occurred within the first 6 months of cART (ie, no transmission occurred after 6 months of cART), whereas in case 2, the transmission occurred after 6 months of cART, (ie, 1 transmission occurred after 6 months of cART). Our Bayesian analyses (Supplementary Sections 8.2 and 8.3) showed that the upper-bound risk was 8.7:100 000 in case 1 and 13:100 000 in case 2.
Data Needed for the Estimated Upper-Bound Risk on cART to Be at 1:100 000
We evaluated how many more sex acts with HIV-infected partners on cART for >6 months, without any incident HIV infection, should be observed for estimating an upper-bound per-act risk of HIV transmission at 1:100 000, the figure provided by the Swiss commission (Supplementary Section 9) . In case 1, we found that one should monitor between 326 000 (if the sex acts are unprotected; ie, 0% condom use) and 1 185 000 (if 96% of the couples use condoms 100% of the time) sex acts. By comparison, this represents 27 years of follow-up of the early-therapy arm of HIV Prevention Trials Network 052 (ie, 860 couples), or approximately 12 times the amount of the current data.
Cumulative Risk of HIV Transmission on cART
The risk of HIV transmission cumulates over repeated exposures. Using the per-act risk of HIV transmission after 6 months of cART, we calculated the cumulative probability of acquiring HIV as a function of the number of sex acts (Supplementary Section 5). We found that the upper bound of the cumulative probability ( Figure 2 ) would exceed 1% after 389 sex acts in case 1 and 195 sex acts in case 2.
HIV Prevention: cART Versus Condom Use
We used the distribution of the per-act risk of HIV transmission under cART and the distribution of the per-act risk of HIV transmission off ART when using a condom to calculate the probability that condom use is more protective than cART against HIV transmission. This probability was <0.01% in case 1 and 0.02% in case 2 (Supplementary Sections 6 and 10).
Sensitivity Analyses
To arrive at condom efficacy estimates in agreement with previously published estimates of 90%-95% [20] , we assumed that 20% of couples reporting 100% condom use did not in fact use condoms, whether or not the index partner was on cART (Supplementary Section 10). Rerunning the analyses, we found that our results did not change significantly (Supplementary Table 8) , except for the per-act condom efficacy, from 75% (63%-83%) to 91% (77%-99%), and the probability that condom use is more protective than cART against HIV transmission, from <0.01% to 10% in case 1 and from 0.02% to 20% in case 2.
DISCUSSION
Using a Bayesian approach, we combined data from 6 studies to obtain the first estimate of the risk of heterosexual HIV transmission per unprotected sex act with an HIV-infected individual under cART in comprehensive care for >6 months. The reported number of HIV transmissions caused by index partners on cART for >6 months could be zero; data were insufficient to determine when the HIV transmission event reported by Apondi et al [18] occurred. Failure to observe transmission events does not exclude the possibility of HIV transmission, yet indicates a low risk, which in theory, could be even zero. The number of monitored sex acts can be used for estimating an upper bound of the risk, a concept widely spread in toxicology and oncology. Figure 2 . Upper-bound cumulative risk of human immunodeficiency virus (HIV) transmission within a heterosexual serodiscordant couple where the partner had been on combination antiretroviral therapy (cART) in care for >6 months vs the number of condom-unprotected sexual acts. We considered 2 interpretations of current data. In case 1, the HIV transmission reported by Apondi et al [18] occurred within the first 6 months of cART (continuous line), whereas in case 2, the HIV transmission reported by Apondi et al [18] occurred after 6 months of cART (dashed line). Hence, in case 1, no HIV transmission occurred beyond 6 months of cART, whereas in case 2, 1 HIV transmission occurred beyond 6 months of cART. The gray area indicates upper-bound cumulative risk <1%.
We estimated the upper-bound per-act risk to be between 8.7:100 000 and 13:100 000, depending on how the transmission event was considered. We also estimated that the upper-bound cumulative risk would exceed 1% after 195-389 sex acts. Furthermore, according to our findings, cART is likely more protective than condom use against HIV transmission.
We used data originated from studies providing comprehensive care programs to serodiscordant couples, including regular viral load and CD4 monitoring, management of virologic failure, adherence support, and STI treatment. These programs led to viral suppression for >70% of the patients, in line with the performance of the standard of care in some high-income countries (eg, 86% for France [21] and 80% for the United States [22] ). Hence, our results are relevant for patients undergoing cART for >6 months under such comprehensive care.
Although not directly derived for virally suppressed individuals, some of our findings apply to them. We estimated the upper-bound risk by combining all data on couples where the index partner had been on cART for >6 months, whether or not virally suppressed. At most, 1 transmission event occurred, caused by an index partner on cART for >6 months who reached viral suppression at 6 months of cART [18] . Restricting the data to virally suppressed index partners (representing 70%-100% of the total number of index partners in each study) would have resulted in the same number of transmission events but fewer sex acts. Consequently, this would yield less statistical power and higher upper-bound risks. Therefore, data do not support lower upper-bound risks for virally suppressed individuals. In addition, further restricting the data to couples where the index partner had been on effective cART for at least 6 months (ie, satisfying one of the Swiss statement requirements) would have resulted in zero transmission events (as in our case 1) but many fewer sex acts. Consequently, this would yield even less statistical power and higher upper-bound risk than in our case 1. Therefore, data do not support a lower upper-bound risk than in case 1 (ie, 8.7:100 000), for individuals on effective cART for >6 months, hence the Swiss statement. Furthermore, we found it would require collecting 12 times the available amount of data while observing no incident HIV case for the estimated upper-bound risk to be at 1:100 000, the figure provided by the Swiss statement. A data collection effort of this magnitude may be unfeasible because of the considerable duration of follow-up and/or monitoring costs.
The main strengths of our approach are as follows. First, all parameters needed for estimating the per-act risk were inferred from data of the included studies. Second, our modeling framework is validated by the agreement between our estimates for condom efficacy and risk of HIV transmission off ART and those reported by previous work. We obtained 0.0014 (0.0010-0.0018) for the per-act risk off ART, in the range of previous estimates (0.0001-0.0110) [23] . Relying on self-reports of condom use, we estimated the per-act condom efficacy at 75% (63%-83%), in agreement with recent estimates [24] , but lower than older estimates [20] . However, sensitivity analyses showed that overreporting of condom use might explain this discrepancy, without affecting other results.
Some limitations should be acknowledged. First, our calculations rely on data from studies that enrolled exclusively [3, 4, 12, 18, 19] or almost exclusively [2] (ie, 97%) heterosexual couples, and may have limited applicability for men having sex with men. Second, we could not distinguish between male-to-female and female-to-male transmission risks due to lack of data. However, these 2 risks were found similar after adjustment for viral load [24] . Third, we could not examine the effect of HIV genotype, host genetics, circumcision status, type of intercourse, or STIs on the HIV transmission risk [24, 25] . Hence, our results remain averaged over these population characteristics.
Our findings are essential for evaluating the population-level impact of treatment as prevention policies. Based on evidence that cART reduces HIV incidence, the United States and France adopted new guidelines, recommending clinicians to offer cART to all patients regardless of CD4 count [26, 27] . Furthermore, the World Health Organization now recommends offering cART when the CD4 count falls below 500 cells/µL (rather than 350 cells/µL) [28] . However, HIV incidence depends on not only the reduction in the per-act risk of HIV transmission due to cART, but also sexual activity and prevention methods other than cART. The per-act risk under cART quantifies the contribution of treatment alone to preventing HIV transmission, independent of sexual activity and other prevention methods. Hence, knowing the per-act risk under cART is essential to support treatment as prevention policies.
CONCLUSIONS
Our findings provide key information for patient counseling on HIV transmission risk and preventive care. Available data do not support zero risk of HIV transmission under cART. The per-act risk of HIV transmission through unprotected sex with HIVinfected individuals on cART in comprehensive care for >6 months (whether or not virally suppressed) is <13:100 000. Estimating a 10-fold lower upper-bound risk may be unfeasible due to high condom use among serodiscordant couples in most research studies. Even though it is small, the risk of transmission cumulates with the number of exposure and may represent a major long-term concern. Combining several prevention methods may offer optimal protection against HIV transmission.
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